Glucose is an important monosaccharide required to generate energy in all cells. After entry into cells, glucose is phosphorylated to glucose-6-phosphate and then transformed into glycogen or metabolized to produce energy. Glucose phosphate isomerase (GPI) catalyzes the reversible isomerization of glucose-6-phosphate and fructose-6-phosphate. Without GPI activity or fructose-6-phosphate, many steps of glucose metabolism would not occur. The requirement for GPI activity for normal functioning of primordial germ cells (PGCs) needs to be identified. In this study, we first examined the expression of chicken GPI during early embryonic development and germ cell development. GPI expression was strongly and ubiquitously detected in chicken early embryos and embryonic tissues at Embryonic Day 6.5 (E6.5). Continuous GPI expression was detected in PGCs and germ cells of both sexes during gonadal development. Specifically, GPI expression was stronger in male germ cells than in female germ cells during embryonic development and the majority of post-hatching development. Then, we used siRNA-1499 to knock down GPI expression in PGCs. siRNA-1499 caused an 85% knockdown in GPI, and PGC proliferation was also affected 48 h after transfection. We further examined the knockdown effects on 28 genes related to the glycolysis/gluconeogenesis pathway and the endogenous glucose level in chicken PGCs. Among genes related to glycolysis/gluconeogenesis, 20 genes showed approximately 3-fold lower expression, 4 showed approximately 10-fold lower, and 2 showed approximately 100-fold lower expression in knockdown PGCs. The endogenous glucose level was significantly reduced in knockdown PGCs. We conclude that the GPI gene is crucial for maintaining glycolysis and supplying energy to developing PGCs.
INTRODUCTION
Glucose is an important monosaccharide resulting from the digestive process and a basic requirement for energy generation in all tissues and cells. Glucose is easily metabolized in cells compared to other energy sources, such as fatty acids, amino acids, and vitamins. A continuous supply of glucose is necessary for brain cells, which have minimal storage capabilities, and erythrocytes, which are unable to store glucose [1] . Glucose deficiency in the brain can cause mental impairment [2] . Primary uptake and utilization of glucose is controlled by insulin, a hormone secreted by beta cells in the islets of Langerhans of the pancreas [3] . Lower secretion of glucose-induced insulin causes insulin-dependent diabetes mellitus [4] . At the same time, loss of tissue sensitivity to insulin causes insulin-independent diabetes mellitus [5] . Glucose metabolism is ubiquitous in all cells, from bacterial to human cells, and several enzymes play crucial roles in glucose uptake, oxidation, and storage. Because of its hydrophilic nature, glucose cannot directly enter the lipid bilayer. Thus, glucose transporters and sodium-glucose cotransporters facilitate its diffusion into cells [1] . Then, intracellular glucose is phosphorylated to glucose-6-phosphate mainly by hexokinases. Glucose-6-phosphate can be transformed into glycogen or metabolized through metabolic pathways such as the pentose-phosphate pathway and glycolysis [6] . Glucose phosphate isomerase (GPI) is known for its enzymatic activity in glucose metabolism. GPI is otherwise referred to as glucose-6-phosphate isomerase (G6PI), phosphoglucose isomerase (PGI), phosphohexose isomerase (PHI), autocrine motility factor (AMF), neuroleukin (NLK), maturation factor (MF), and sperm antigen 36 (SA36), based on its monomeric or dimeric form and secretory nature in different cell types [7] [8] [9] [10] [11] . The monomeric form of GPI acts as NLK when promoting the growth of spinal and sensory neurons, as MF when mediating differentiation of human myeloid leukemia cells, and as AMF when regulating tumor cell motility [8, 12] . GPI on the surface of mammalian sperm acts as SA36 for sperm agglutination [13] . The dimeric form of GPI is ubiquitous in the cytosol of all cells and has a housekeeping function in glucose metabolism [8, 12] . Intracellular GPI (EC 5.3.1.9) catalyzes the reversible isomerization of glucose-6-phosphate and fructose-6-phosphate [14, 15] . According to the Kyoto Encyclopedia of Genes and Genomes (KEGG [http://www.genome.jp/kegg/pathway.html]) pathway database [16] , GPI was identified in four major glucose metabolism pathways, including the glycolysis/gluconeogenesis and pentose-phosphate pathways, starch/glycogen and sucrose metabolism, and amino sugar and nucleotide sugar metabolism. The proposed fundamental role of GPI in chicken glucose metabolism is shown in Figure 1 . GPI was identified primarily in the second step of the glycolysis/gluconeogenesis pathway in which reversible isomerization of glucose-6-phosphate and fructose-6-phosphate by GPI is essential. Without GPI and fructose-6-phosphate, the remaining glycolysis steps would not continue. GPI also guides glucose flow to the pentose-phosphate pathway to produce nicotinamide adenine dinucleotide phosphate (NADP) and pentose sugar [15, 17] . The enzymatic activity of intrinsic GPI is essential for individual cell survival, which seems to be a minimum requirement for the cell [12] . GPI has played a prominent role as a cell marker in developmental studies using chimeric mice [18] . Primordial germ cells (PGCs; which are the precursors of germ cells) and germ cells are the predominant cell types in gonadal environments. The characteristic features of PGCs or germ cells are different from those of all somatic cells in terms of their programmed migration into gonads, timely differentiation, entry into two types of cell division, and handover of parental genetic information to the progeny. We speculate that an increased demand for energy and glucose phosphorylation occurs in PGCs or germ cells because of their rapid growth, division, and differentiation. However, the presence and activity of glucose metabolism-related genes, including GPI, in PGCs is not known. In this study, we first examined GPI mRNA expression during early embryonic development and germ cell development in chickens. Then, we used GPIspecific small interfering RNA (siRNAs) to effectively knockdown GPI expression in PGCs. After GPI knockdown, we examined the expression of glycolysis/gluconeogenesis pathway genes and glucose concentrations in chicken PGCs. The main significance of this study is the identification of glycolysis/gluconeogenesis pathway and identification of the GPI gene as one of the rate-limiting genes/enzymes maintaining glycolytic activity in developing PGCs and germ cells.
MATERIALS AND METHODS

Experimental Animal Care
We used White Leghorn chickens and embryos as the experimental model. The care and use of chickens were approved by the Institute of Laboratory Animal Resources, Seoul National University (SNU-070823-5), Korea. The procedures for bird management, reproduction, and embryo manipulation adhered to the standard operating protocols of our laboratory.
Sample Collection
Freshly laid eggs were incubated at 37.58C under 50%-60% relative humidity. Sex was determined on Embryonic Day 2.5 (E2.5), as described previously [19] . We collected whole embryos (n ¼ 10) at Eyal-Giladi and Kochav stage X (freshly laid eggs), Hamburger and Hamilton stage 12 (E2.0), and Hamburger and Hamilton stage 24 (E4.0). We retrieved PGCs and gonadal stromal cells (GSCs) from approximately 100 embryos at E6.5, using a magnetically activated cell sorting method [20] . PGCs were cultured for mass production with slight modification of our previous method [21] . Chicken embryonic fibroblasts (CEFs) were collected by dissociating the embryonic body (E6.5) in 0.25% trypsin-ethylenediaminetetraacetic acid at 378C for 20 min. Cells were then cultured in Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Waltham, MA) containing 10% fetal bovine serum and a 1% antibiotic-antimycotic solution (Invitrogen, Carlsbad, CA) in a 5% CO 2 atmosphere at 378C. We collected embryonic brains, eyes, hearts, livers, lungs, kidneys, muscles, gizzards, and gonads from male and female embryos at E6.5; gonads from male and female embryos at E8.5 and E13.5; and testes and ovaries at 1 day and at 6, 12, and 24 wk of age (n ¼ 5). Total RNA was extracted from the aforementioned samples by using TRIzol reagent (Invitrogen). Approximately 1 lg of oligo(dT) 20 -primed total RNA from each sample was reverse transcribed using the Superscript III first-strand synthesis system (Invitrogen). All cDNA samples were diluted to 10% and used for reverse transcription PCR (RT-PCR), quantitative real-time PCR (real-time qPCR), and subcloning experiments. Another batch of samples was frozen in liquid nitrogen for an in situ hybridization experiment.
Subcloning, Multiple Sequence Alignment, and Functional Domain Analysis of GPI Protein
The mRNA and protein sequences of chicken GPI were obtained from a BLAST search of the Gallus gallus genome database at the National Center for Biotechnology Information (NCBI). cDNA from chicken PGCs was amplified using chicken GPI-specific primers (forward, 5 0 -CCG TAG TGG TGA ATG GAA AGG C; reverse, 5 0 -TAT GAA GGG CGA TGG AGA GAC C; 455 bp; GenBank accession no NM_001006128), subcloned into the pGEM-T vector (Promega, Madison, WI), and sequenced using a 3730xl model automated DNA sequencer (Applied Biosystems, Foster City, CA). Homologous protein and mRNA sequences of the chicken GPI protein sequence (GenBank RENGARAJ ET AL. accession no. NP_001006128) in invertebrate and vertebrate species were searched using NCBI BLASTP and TBLASTN [22] . The complete or predicted GPI protein sequences from the available species were aligned using Clustal X software (Conway Institute, University College Dublin, Ireland) and edited with Biological sequence alignment editor software (BioEdit; Ibis Biosciences, Carlsbad, CA). We constructed a phylogenetic tree of GPI proteins from candidate species of animal phyla and classes by using the neighbor-joining method in Molecular Evolutionary Genetics Analysis software (MEGA, The Biodesign Institute, Tempe, AZ). Distances between protein sequences were calculated with the Poisson correction method, and the confidence level of nodes on the phylogenetic tree was evaluated through nonparametric bootstrap replications. The conserved functional domain of GPI from candidate species was identified using Protein family matrices (Pfam-A, Wellcome Trust Sanger Institute, Hinxton, England) [23] .
Analysis of GPI expression by RT-PCR and Real-Time qPCR
We performed RT-PCR to examine GPI expression in limited tissues at E6.5. cDNA from brains, eyes, hearts, livers, lungs, kidneys, muscles, gizzards, and gonads of male and female embryos was amplified using GPI-specific primers (455 bp; shown above), and chicken glyceraldehyde 3-phosphate dehydrogenase (GAPDH; forward, 5 0 -TCA AAT GGG CAG ATG CAG GTG; reverse, 5 0 -CGG CAG GTC AGG TCA ACA ACA G; 490 bp; GenBank accession no. NM_204305)-specific primers. Each 20-ll aliquot of PCR reaction mixture contained 2 ll of cDNA, 2 ll of PCR buffer, 1.6 ll of 2.5 mM deoxyribonucleotide triphosphate mixture, 10 pmol of each forward and reverse primer, and 1 unit of Taq DNA polymerase. PCR was performed with an initial incubation at 948C for 5 min, followed by 35 cycles at 948C for 30 sec, 608C for 30 sec, and 728C for 30 sec. The reaction was terminated by a final incubation at 728C for 5 min.
We performed real-time qPCR to examine the relative quantification of GPI in four limited samples. The cDNAs from stage X blastoderms, PGCs, GSCs, and CEFs were amplified using the GPI forward and reverse primers (forward, 5 0 -CAA TGC AGT AAC GGC CAA AGA G; reverse, 5 0 -CAC CAA CCC AAT CCC AGA ACT C; 155 bp). GAPDH was run simultaneously for normalization (forward, 5 0 -CCT CTC TGG CAA AGT CCA AG; reverse, 5 0 -CAT CTG CCC ATT TGA TGT TG; 200 bp). Quantification was performed using a CFX96 model real-time PCR detection system with a C1000 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA). Each 20-ll aliquot of PCR reaction mixture contained 2 ll of cDNA, 2 ll of PCR buffer, 1.6 ll of 2.5 mM deoxyribonucleotide triphosphate mixture, 10 pmol of each forward and reverse primer, 1 ll of 203 DNA-binding dye (EvaGreen; Biotium, Inc., Hayward, CA), and 1 unit of Taq DNA polymerase. PCR was performed with an initial incubation at 948C for 3 min, followed by 40 cycles at 948C for 30 sec, 608C for 30 sec, and 728C for 30 sec. The reaction was terminated by a final incubation at dissociation temperatures. Relative GPI expression was calculated after the threshold cycle was normalized to that of GAPDH.
Analysis of GPI mRNA Expression by In Situ Hybridization
cDNA from PGCs was amplified using 455-bp GPI primers. A PCR product of the correct size was cloned into a pGEM-T plasmid vector (Promega) and transformed into Escherichia coli strain DH5a. After we verified the cloned sequence, the recombinant plasmid containing GPI was amplified using T7-and SP6-specific primers and subjected to cRNA probe preparation using a digoxigenin (DIG) RNA labeling kit (Roche Diagnostics, Indianapolis, IN). Localization of GPI mRNA during early embryonic development and germ cell development was determined by in situ hybridization. Whole embryos (stages X, E2.0, and E4.0) collected in Petri dishes and frozen sections (E6.5 to 24 wk old) mounted on 3-aminopropyltriethoxysilane glass slides (Sigma-Aldrich, St. Louis, MO) were fixed with 4% (w/v) paraformaldehyde in 13 phosphate-buffered saline. After permeabilization with 1% (v/v) Triton X-100, the samples were incubated in a prehybridization mixture containing 50% formamide and 53 standard saline citrate (SSC: 150 mM NaCl and 15 mM sodium citrate). Following prehybridization, samples were incubated in a hybridization mixture containing 50% formamide, 53 SSC, 10% dextran sulfate sodium, 0.02% bovine serum albumin, 250 lg/ml yeast tRNA, and DIG-labeled cRNA probes for 18 h at 558C. After nonspecific binding was blocked with 1% (w/v) blocking reagent (Roche Diagnostics), samples were incubated for 12 h at 48C with sheep anti-DIG-alkaline phosphatase antibodies (Roche Diagnostics). The mRNA signal was visualized as a brown color by using a substrate solution containing 5-bromo-4-chloro-3-indolyl phosphate (BCIP, Roche Diagnostics) and nitroblue tetrazolium (NBT, Roche Diagnostics) [24] . Endogenous alkaline phosphatase activity was inhibited with 2 mM levamisole (Sigma-Aldrich). After signal development, sections were counterstained with 1% (w/v) methyl green (Sigma-Aldrich). Photographs of whole mounts were taken with a stereoscopic zoom microscope (model SMZ1000; Nikon Corp., Tokyo, Japan). Photographs of sections were taken with a Zeiss Axiophot light microscope (Carl Zeiss, Oberkochen, Germany).
Analysis of Target siRNA-Mediated Knockdown of GPI by RNA Interference Assay GPI-specific siRNAs were analyzed and designed using an RNA interference designer tool (Invitrogen) which includes BLAST software for sequence similarity searching of the input sequence. GPI-specific siRNA sequences were designed from unique regions using siRNA design rules (Invitrogen). Two siRNA sequences, siRNA-694 (sense, 5 0 -CCA AGA AAC UAU CAC CAA U; antisense, 5 0 -AUU GGU GAU AGU UUC UUG G) and siRNA-1499 (sense, 5 0 -CCA UUC ACU UUG GGA GCA A; antisense, 5 0 -UUG CUC CCA AAG UGA AUG G), were then synthesized with a 5 0 -fluorescein isothiocyanate (FITC) modification. Commercially available control siRNA (sense, 5 0 -CCU ACG CCA CCA AUU UCG U; antisense, 5 0 -GGA UGC GGU GGU UAA AGC A), which is not a scrambled sequence for siRNA-694 or siRNA-1499, was purchased from Bioneer Corp. (Daejeon, Korea). To validate the knockdown efficiency of GPI, both siRNAs were transfected into PGCs (500 pmol siRNA in Lipofectamine [Invitrogen] plus Opti-MEM [Invitrogen] for 3 3 10 5 to 5 3 10 5 cells) using the transfection procedures provided by Invitrogen [25] . After transfection for 48 h, FITC expression was confirmed in PGCs, and total RNA was extracted using TRIzol reagent. Knockdown of GPI was calculated by real-time qPCR of the transcribed cDNA. Quantification of cell proliferation efficiency after GPI knockdown was measured using Cell Proliferation reagent WST-1 (Takara, Tokyo, Japan). We selected siRNA-1499 for further experiments. Apoptotic induction in controls and 48 h after knockdown of GPI by siRNA-1499 was detected using an in situ cell death detection kit and tetramethyl rhodamine (TMR) dye (Roche Diagnostics) and counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI; Invitrogen). Photographs of apoptosis signaling were taken with a fluorescence microscope (Nikon Corp.).
Effect of GPI Knockdown on Glycolysis/Gluconeogenesis Pathway Genes
To elucidate the effect of GPI knockdown on glucose metabolism, we selected glycolysis/gluconeogenesis as a candidate pathway. We examined relative expression levels of glycolysis/gluconeogenesis pathway genes in controls and 48 h after GPI knockdown in PGCs by real-time qPCR. We first compared the glycolysis/gluconeogenesis pathways in humans, mice, and chickens provided by the KEGG pathway database, and then we collected a list of enzyme-encoding genes identified in chickens by searching the NCBI GenBank database and/or Information Hyperlinked over Proteins (iHOP: http:// www.ihop-net.org/UniPub/iHOP) database [26, 27] . All identified genes were amplified from cDNA of control and knockdown PGCs. Table 1 shows the primers used for amplification of glycolysis/gluconeogenesis pathway genes. We used GAPDH, a gene in the glycolysis/gluconeogenesis pathway, for normalization of all genes. We used b-actin (forward, 5 0 -CGC TCG TTG TTG ACA ATG GCT C; reverse, 5 0 -GCC CAT ACC AAC CAT CAC ACC C; 125 bp; GenBank accession no. NM_205518) for normalization of GAPDH in this case. Real-time qPCR conditions and quantification procedures were as described above.
Effect of GPI Knockdown on Glucose Concentration in PGCs
High-performance liquid chromatography (HPLC) was performed to estimate the total glucose concentration in PGCs after 48 h of GPI knockdown. Control and GPI knockdown PGCs (1.5 3 10 5 cells each) were homogenized in distilled water, filtered through a 0.2-lm syringe filter (Minisart; Sartorius, Goettingen, Germany), and subjected to HPLC analysis. HPLC was performed using a Dionex Ultimate 3000 HPLC unit (Dionex Corp., Sunnyvale, CA). An Aminex 87P ion exclusion column (300 mm 3 7.8 mm; Bio-Rad Laboratories) was used at ambient temperature. The oven temperature was set at 808C before injection of samples (10 ll) at a flow rate of 0.5 ml/min. Glucose signal was detected by the peak area at a retention time of 14.6 min. Glucose concentration GLYCOLYSIS GENES IN CHICKEN PRIMORDIAL GERM CELLS was calculated from an internal glucose standard (.99.5%). The HPLC process was monitored with a Shodex RI-101 detector (Showa Denko KK, Tokyo, Japan), and HPLC control, data acquisition, and analysis were performed using Chromeleon version 6.0 chromatography data software (Dionex Corp.).
Statistical Analysis
Statistical analyses in GPI knockdown experiments were performed using the Student t test in SAS version 9.3 software (SAS Institute, Cary, NC). The significance levels between control and treatment groups were analyzed using the general linear model (PROC-GLM) in SAS software. Statistical significance was ranked as *, P , 0.05; **, P , 0.01; and ***, P , 0.001.
RESULTS
Multiple Sequence Alignment and Functional Domain Analysis of GPI Protein
We obtained the gene and mRNA sequences of chicken GPI from the NCBI G. gallus genome database. Chicken GPI was mapped to chromosome 11 RENGARAJ ET AL.
invertebrate and vertebrate species were identified using a BLAST search and aligned using Clustal X software. All GPI proteins were highly conserved throughout the sequence length (see Supplemental Fig. S1 , available online at www.biolreprod. org). The GPI protein sequences from 10 candidate species of different phyla and classes were used for percent identities, phylogenetic tree, and functional domain analyses. In the percent identities analysis using BLAST, chicken GPI shared identities of up to 78% with humans, 84% with mice, 87% with cat snakes, 85% with African clawed frogs, 79% with zebrafish, 70% with roundworms, 68% with fruit flies, 72%
with acorn worms, and 38% with protozoan parasites. In the phylogenetic tree analysis, all candidate species were clustered and showed very close relationships in their genetic distance scale. Chicken GPI in particular showed a close relationship with those of mammals in one direction and with those of reptiles and amphibians in another direction ( Fig. 2A) . In the functional domain analysis, GPI protein sequences from all candidate species had a specific hit for phosphoglucose isomerase (PGI, E-value cutoff at 0.05), which is a synonym of GPI. The sizes and positions of PGI domains in chickens, cat snakes, African clawed frogs, and zebrafish are similar.
FIG. 2. Phylogenetic tree and diagrams of conserved functional domains.
A phylogenetic tree was constructed with MEGA4 software using the neighborjoining method with the full-length protein sequence of GPI from 10 candidate species of different phyla and classes of invertebrates and vertebrates (A). The conserved functional domain PGI (phosphoglucose isomerase), which is a synonym of GPI, was identified in the sequences from 10 candidate species by using Pfam-A family matrices with an E-value cutoff of 0.05 (B).
FIG. 3.
GPI expression analysis by RT-PCR and real-time qPCR. cDNA from brains, eyes, hearts, livers, lungs, kidneys, muscles, gizzards, and gonads of male and female embryos at E6.5 were amplified using GPI-and GAPDH-specific primers, and their expression levels were determined by RT-PCR (A). Then, cDNA from stage X blastoderms, PGCs, GSCs, and CEFs was amplified by real-time qPCR using GPI-specific primers to examine its expression (B). Quantification of GPI expression was normalized to the threshold cycle of GAPDH. Bars indicate the SEM of triplicate analyses.
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However, the sizes of PGI domains vary in the remaining six candidate species (Fig. 2B) .
Analysis of GPI expression by RT-PCR and Real-Time qPCR
To examine the tissue specificity of GPI expression, somatic and gonadal tissues were examined by RT-PCR. The cDNA from brains, eyes, hearts, livers, lungs, kidneys, muscles, gizzards, and gonads of male and female embryos at E6.5 were amplified using GPI-and GAPDH-specific primers. Similar to GAPDH expression, GPI expression was detected in all tissues. However, a slight difference was observed in GPI expression in female tissues. The level of GPI expression differed markedly among various male and female tissue types. In particular, male gonads showed stronger GPI expression than female gonads (Fig. 3A) . Because GPI expression was detected in all tissues, we next quantitated GPI expression in PGCs and compared data to those of undifferentiated cells of stage X blastoderms and differentiated somatic cells such as GSCs and CEFs by real-time qPCR. GPI expression was normalized to that of GAPDH. The normalized quantitative GPI expression in PGCs was 5.6-fold higher than in blastoderms, 10-fold higher than in GSCs, and 18-fold higher than in CEFs (Fig. 3B) . In addition, GPI expression in blastoderms was slightly higher than in GSCs and CEFs. CEFs exhibited the least GPI expression among all samples tested.
GPI Expression Analysis During Early Embryonic Development and Germ Cell Development by In Situ Hybridization
Localization of GPI mRNA during early embryonic development at stages X, E2.0, and E4.0 was examined by whole-mount in situ hybridization. GPI expression was detected more strongly in the area opaca than in the central region of stage X embryos. At E2.0, GPI expression was strong in all anterior parts of developing embryos, including the head fold, optic vesicles, neural tube, and ventricles. At E4.0, GPI expression was obvious in the peripheral region of brain parts, eyeballs, spinal cord, and almost the whole embryo (Fig. 4) .
Localization of GPI mRNA during male and female germ cell development from E6.5 to 24 wk was examined in gonadal sections by using in situ hybridization. During male germ cell development, GPI expression was strongly detected in PGCs that settled in the differentiated gonads at E6.5 and in PGCs that migrated into the sex cords at E8.5 compared to stromal cells at these times. GPI expression was maintained at the same level in the prospermatogonia, which were arrested at mitosis within the sex cords, examined at E13.5 and at 1 day. After 1 day, GPI expression was strongly detected in proliferating spermatogonia at 6 wk and in proliferating spermatogonia and spermatocytes at 12 wk. At 24 wk, GPI expression was strongly detected in spermatocytes and round spermatids compared to that in other types of germ cells in testes (Fig.  5) . During female germ cell development, GPI expression was intermediately detected in PGCs, oogonia, and oogonia/oocytes that settled in the cortex area of gonads at E6.5, E8.5, and E13.5, respectively. At 1 day, GPI expression was strongly detected in the oocytes that occurred in the germ cells/oocyte pool. From 6 wk to 24 wk, GPI expression was strongly detected in oocytes and granulosa cells of primitive follicles, primary follicles, and prehierarchal follicles (Fig. 5) . Figure 6 shows strong expression of GPI in the oocytes and granulosa cells of large prehierarchal follicles in a 24-wk-old ovary. As well as being detected in the above-mentioned germ cells, GPI expression was also detected at intermediate to low levels in all somatic cellular parts of the testes and ovaries.
siRNA-694 and siRNA-1499 Knockdown Efficiency
PGCs were transfected with two candidate siRNAs, siRNA-694 and siRNA-1499, to knock down GPI expression in vitro. GPI expression levels in control and knockdown PGCs were then examined by real-time qPCR to determine the knockdown efficiency of two siRNAs. Compared to expression in the control, siRNA-694 caused a 44% suppression of GPI expression 48 h after knockdown. In contrast, siRNA-1499 caused a more marked suppression (85%) of GPI expression 48 h after knockdown (Fig. 7A) . A proliferation assay was conducted using the cell proliferation reagent WST-1 to further demonstrate the effects of GPI knockdown on PGC proliferation in vitro, in up to 72 h of culture. PGC proliferation increased until 72 h in the control. siRNA-694 had no effect on PGCs proliferation up to 48 h. After 48 h, siRNA-694 caused a 14% decrease in PGC proliferation compared to that in the control. In contrast, siRNA-1499 caused a minimal decrease   FIG. 4 . Analysis of GPI expression during early embryonic development by in situ hybridization. Whole embryos at stages X, E2.0, and E4.0 were hybridized with GPI cRNA probes at 558C for 18 h. After nonspecific binding was blocked with 1% blocking reagent, embryos were incubated at 48C overnight with sheep anti-DIG-alkaline phosphatase antibodies. The mRNA signal was visualized using a substrate solution with BCIP and NBT. Bar ¼ 500 lm.
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FIG. 5. Analysis of GPI expression during germ cell development by in situ hybridization. Transverse sections of left gonads at E6.5, E8.5, and E13.5 from male and female embryos and testes and ovaries at 1 day, and 6, 12, and 24 wk from male and female chickens were hybridized with GPI cRNA probes. Testis and ovary sections at 24 wk were hybridized with sense (S) GPI probes as a control. Bar ¼ 200 lm (first and third columns) and 50 lm (second and fourth columns). 
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(4%) in PGC proliferation from 24 to 48 h. After transfection for 48 h, siRNA-1499 showed a more marked reduction (28%) in PGC proliferation (Fig. 7B) . Since the effect of siRNA-1499 on GPI knockdown and PGC proliferation in vitro was more marked, we used this siRNA in all further analyses. An apoptosis assay was performed to examine the effect of GPI knockdown by siRNA-1499 on the induction of cell death in PGCs in vitro. No noticeable apoptotic signal in the form of TMR red was detected in control or in knockdown PGCs 48 h after transfection (Fig. 7C) .
Effects of GPI Knockdown on Glycolysis/Gluconeogenesis Pathway Genes and Glucose Concentration
We compared the glycolysis/gluconeogenesis pathways in humans, mice, and chickens to identify enzyme-encoding genes homologous to those in the chicken pathway. Based on the genes identified, we redrew the KEGG chicken glycolysis/ gluconeogenesis pathway, which has no marked difference compared to mammalian pathways. Apart from GPI, 28 enzyme-encoding chicken glycolysis/gluconeogenesis genes were identified according to the KEGG pathway, using NCBI and iHOP databases (Fig. 8A) . Expression patterns of all genes were examined by real-time qPCR 48 h after GPI knockdown in PGCs. As expected, the effect of GPI knockdown extended to the expression of all genes in the chicken glycolysis/ gluconeogenesis pathway. The mRNA expression of approximately 20 genes related to glycolysis/gluconeogenesis was more than threefold lower in PGCs after GPI knockdown.
Also, expression levels of the hexokinase 2 (HK2), enolase 2 (ENO2), and phosphoenolpyruvate carboxykinase 1 and 2 (PCK1 and PCK2, respectively) genes were more than 10-fold lower in PGCs after GPI knockdown. Triosephosphate isomerase 1 (TPI1) and 2,3-bisphosphoglycerate mutase (BPGM) expression levels were more than 100-fold lower in PGCs after GPI knockdown. Fructose 1,6-bisphosphatase 2 (FBP2) expression was detected at a basal level in both control and knockdown PGCs, thus, we were unable to differentiate the two. However, expression of the housekeeping gene GAPDH did not differ in controls and after GPI knockdown (Fig. 8B) .
Finally, we examined the effects of GPI knockdown on the endogenous glucose concentration in PGCs. The glucose signal peak was clearly detected above the reference standard by HPLC in control and knockdown PGCs 48 h after transfection. However, after siRNA transfection, glucose concentrations were 16.7 ng/mg in control and 11.7 ng/mg in knockdown PGCs (Fig. 9) .
DISCUSSION
The GPI gene and protein productwere globally identified in invertebrate and vertebrate species as either a monomeric or dimeric form. Sequence alignment analysis suggested that GPI from chicken and 41 other invertebrate and vertebrate species were highly conserved. Functional domain analysis further showed conservation of the GPI/PGI domain in all candidate species. This functional domain catalyzes the reversible FIG. 7. Knockdown of GPI by target siRNAs, proliferation, and apoptosis analyses in PGCs. Two candidate siRNAs, siRNA-694 and siRNA-1499, which target chicken GPI, were designed using siRNA designer tool. siRNAs were transfected in PGCs to knock down GPI expression in vitro. Approximately 48 h after transfection, knockdown efficiency was examined by real-time qPCR based on the expression of GPI in control and treated PGCs (A). GPI expression was normalized to that of GAPDH. A proliferation assay was conducted using cell proliferation reagent WST-1 to further demonstrate the effect of GPI knockdown on PGC proliferation in vitro (B). Bars in A and B indicate the SEM of triplicate analyses. ***P , 0.001, significant difference compared with the control. Apoptosis assays were performed 48 h after transfection to examine the effect of GPI knockdown by siRNA-1499 on the induction of cell death in PGCs (C; bar ¼ 200 lm).
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reaction of glucose-6-phosphate and fructose-6-phosphate via an aldose-ketose isomerization reaction in glucose metabolism [14, 28] . In some thermophilic heterotrophic prokaryotes, GPI also exhibits phosphomannose isomerase activity and can catalyze the interconversion of mannose 6-phosphate to fructose-6-phosphate at a rate equal to that of glucose-6-phosphate to fructose-6-phosphate [28] . Differential GPI expression and multifunctionality have been reported in many species. For example, in chickens, GPI expression decreased during development of the heart and bursa of Fabricius, whereas it increased throughout development of the brain, spinal cord, pectoral muscle, and femoral muscle [7] . In mouse embryos, Gpi expression increased between E9 and E11, particularly in the brain, spinal cord, and limb buds [8] . In zebrafish, the gpia isoform was detected in most of the embryonic and adult tissues, and the gpib isoform was expressed only in the heart, muscle, and at a lower abundance in the eye [9] . In the domestic ferret, GPI is required for embryo implantation [29] . The GPI and its receptor GP78-mediated response protect Cos7 cells against endoplasmic reticulum stress and associated apoptosis. This protection mechanism is carried partially through the PI3K/Akt cell survival pathway [10] . GPI deficiency is associated with severe hemolytic anemia and neurological impairment [30] . GPI is upregulated in the brain during Huntington disease, a neurodegenerative disorder caused by the expansion of the CAG trinucleotide repeats [31] . GPI acts as a marker of synovitis in rheumatoid arthritis [32] . In tumor cells, FIG. 8 . G. gallus (chicken) glycolysis/gluconeogenesis pathway and effect of GPI knockdown on pathway genes. The KEGG glycolysis/gluconeogenesis pathways of humans, mice, and chickens were compared to identify homologous genes (encoding enzymes) in the chicken pathway. Based on the identified chicken genes (encoding enzymes), we redrew the glycolysis/gluconeogenesis pathway in chickens (A). The expression patterns of all chicken genes were examined 48 h after knockdown of GPI in PGCs by real-time qPCR (B). Quantification of the expression of all genes was normalized to the threshold cycle of GAPDH. Quantification of GAPDH was normalized to b-actin. Bars indicate the SEM of triplicate analyses. *P , 0.05, significant difference compared with the control.
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overexpression of GPI induces the epithelial-to-mesenchymal transition with enhanced malignancy, and silencing of GPI results in a mesenchymal-to-epithelial transition with reduced malignancy [12] .
In this study, GPI was detected ubiquitously by RT-PCR in chicken embryonic tissues at E6.5. However, GPI expression was upregulated in PGCs retrieved from gonads at E6.5. PGCs are the chief cells in early embryonic gonads. In chickens, PGCs existed at E4.0-E8.0 in females and at E4.0-E13.0 in males [19, 33] . PGCs differentiate into germ cells that are the chief cells during late gonadal development. In chickens, diploid germ cells at E8.0-6 wk in females and E13.0-10 wk in males and a mixed population of diploid and haploid germ cells after 6 wk in females and after 10 wk in males were identified during gonadal development [19, 33] . We performed in situ hybridization to examine GPI expression patterns in PGCs and germ cells during gonadal development. GPI mRNA was detected throughout gonadal development. More specifically, GPI expression was stronger in males than in females during embryonic development and most post-hatching development. Similarly, strong GPI expression has been detected in the germ cells of various species. In a Polydora spp worm, GPI-1 was detected in both males and females, whereas GPI-2 was expressed only in sperm [34] . Spermatozoa from bulls, boars, and rams contain a large amount of GPI together with a few other glycolytic enzymes [35] . GPI expression increased during mouse spermiogenesis [36] . Compared with other glycolytic enzymes, GPI activity was strong and stable in the unfertilized and fertilized eggs of Urechis spp and sea urchins [37, 38] . In bovines, GPI transcript levels were stable during oocyte maturation, fertilization, and preimplantation development [6] . Strong GPI expression was detected during mammalian oocyte development and was maintained at the same level until early preimplantation [39, 40] . In mice, oocyte-encoded GPI was detected until the 8-cell stage and then was replaced by embryo-encoded GPI at the morula stage [41] . In chickens, female germ cells enter into mitotic and meiotic arrest slightly earlier than male germ cells and exist in meiotic arrest for a long period [19, 33] . Generally, the female chicken produces approximately 3000 oocytes throughout its life. In contrast, male chickens produce several million sperm by rapid proliferation of germ cells at embryonic development and after sexual maturation. This might be an appropriate reason for the high requirement of energy and energy-supplying genes, including GPI, in male chickens. Furthermore, male germ cells need high energy for undergoing many functional and structural modifications at spermatid stages for activation of oocytes at fertilization, for example, formation of the mitochondrial spiral in the middle piece of sperm used for ATP production for the journey through the female reproductive tract [42, 43] and provision of the signaling factor that stimulates activation of the metabolically quiescent oocyte [44] . In this study, GPI expression was also strong in the granulosa cells of developing follicles. A similar result was obtained in the mouse ovary; therefore, GPI in the granulosa cells may play a role in providing energy to the growing oocyte [18] . Downregulation of GPI causes both beneficial and adverse effects in a tissue-dependent manner. Downregulation of GPI in cancer cells causes loss of malignancy, cell growth, cell motility, and invasion [12] . Downregulation of GPI causes caspase-dependent apoptosis in rat pheochromocytoma PC12 cell lines [45] . A low level of GPI activity is closely associated with the abnormal functioning of spermatozoa [46] . Inhibition of GPI and glycolytic genes may lead to termination of glycolytic energy, which is necessary for the motility of ejaculated spermatozoa [47] . To our knowledge, research of the effects of GPI knockdown in PGCs is lacking. siRNAs are double-stranded and approximately 20 nucleotides long that are used mainly for RNA interference, which is the process of sequence-specific, posttranscriptional gene silencing in animals and plants. Gene-specific siRNAs provide a new tool for studying gene function by silencing and may eventually be used as gene-specific therapeutics [48] . The number of proliferating and migrating PGCs at early embryo stages are actually fewer than the number of advance germ cells. However, the early embryonic PGCs are much needed for germ cell migration studies, epigenetic studies, and producing germline chimera [21, 49] . In addition, cultured chicken PGCs could maintain all the characteristic features of intact PGCs [21] . Cultured PGCs could form the basis of an in vitro system for the study of genetic pathways involved in early germ cell proliferation and survival [50] . Therefore, knockdown of GPI using siRNAs and subsequent analyses were performed in cultured PGCs. All the findings of this study of PGC culture conditions should be identical in intact PGCs. In this study, we determined the suitability of two GPI-specific siRNAs (siRNA-694 and siRNA-1499) for knockdown of GPI gene expression in PGCs in vitro. Data suggested that siRNA-1499 was more efficient because it caused an 85% GPI knockdown. PGC proliferation was also severely affected 48 h after knockdown of GPI using siRNA-1499. However, no cell death occurred after knockdown of GPI. These results suggest that PGCs can use endogenous energy for temporary survival.
To verify the effects of GPI knockdown on glucose metabolism in PGCs, we examined the expression patterns of glycolysis/gluconeogenesis pathway genes in control and knockdown PGCs by using real-time qPCR. Then, we estimated the concentration of endogenous glucose in control and knockdown PGCs by HPLC. Glycolysis is the process of converting glucose into pyruvate, and gluconeogenesis is essentially its reverse. Most of the glycolysis/gluconeogenesis genes were upregulated in control PGCs and downregulated in knockdown PGCs. We further noted that the concentration of endogenous glucose was also significantly reduced in the knockdown PGCs. All cells require a large amount of energy for proliferation and normal functioning. Most somatic cells   FIG. 9 . Effect of GPI knockdown on glucose concentration in PGCs. HPLC analysis was performed using Ultimate 3000 unit (Dionex) to determine the total glucose concentration in PGCs after 48 h of GPI knockdown. Glucose concentrations in control and knockdown PGCs were calculated using an internal glucose standard. Bars indicate SEM of triplicate analyses. **P , 0.01, significant difference compared with the control.
RENGARAJ ET AL.
use energy from mitochondrial oxidative phosphorylation, which generates 36 mol of ATP [51, 52] . Cancer cells are metabolic parasites; in addition to their own metabolic energy, they extract recycled nutrients from adjacent normal cells. Cancer-associated fibroblasts lose their mitochondrial activity and switch to aerobic glycolysis to produce high energy in the tumor microenvironment [53] . Hematopoietic stem cells depend more on anaerobic glycolysis, which generates a net of only 2 mol of ATP per mol of glucose [52] . In contrast, embryonic stem cells, induced pluripotent stem cells, and germ cells depend more on aerobic glycolysis, which generates a net of 38 mol of ATP per mol of glucose consumed [36, 54, 55] . In this study, expression of glycolysis/gluconeogenesis genes in control PGCs suggested the active presence of aerobic glycolysis in PGCs. Because GPI knockdown reduced glycolytic gene activity and glucose concentration in PGCs, we speculate that a deficiency in glycolysis or glucose may affect the development and functioning of PGCs. A previous study in mice suggests Gpi mutant PGCs and oogonia were able to survive in the chimera; they probably receive the ATP and other glycolytic products from supporting cells through gap junctions [56] . Thus, the effects of glycolysis or glucose deficiency on the characteristic features of PGCs need to be investigated in a future study. This is to our knowledge the first study of the expression and knockdown of GPI, particularly in PGCs. Continuous GPI mRNA expression was detected in PGCs and germ cells throughout chicken gonadal development. GPI expression was maximally downregulated by use of siRNA-1499. GPI knockdown altered the expression patterns of glycolysis/ gluconeogenesis pathway genes and further reduced the concentration of endogenous glucose in PGCs in vitro. Therefore, GPI is crucial for maintaining glycolytic activity and thereby supplying energy to developing PGCs.
